A survey of the effect of temperature, transmission module material and analysis time on ion intensities in transmission mode direct analysis in real time mass spectrometry is presented. Ion intensity profiles obtained for two related compounds are similar when analysed separately but are very different when analysed as a mixture.
Direct Analysis in Real Time mass spectrometry (DARTMS) has recently emerged as a powerful new ionisation technique for rapid analysis of samples with minimal preparation. Its mechanism has been reported in the literature, but in simple terms can be described thus: a reaction gas is passed through a chamber where a corona discharge produces ions, electrons and electronically or vibronically excited (metastable) atoms and molecules.
1 The majority of the charged species are removed from the ow by grids within the source leaving only neutral species; the gas then passes across the sample where analytes are desorbed and ionised. The ionisation mechanism varies depending on the nature of the gas; helium was used in this study, and in this case protonated water clusters are formed (in positive ion mode) which subsequently undergo proton transfer reactions with analyte molecules in a CI-like process yielding, typically, [M + H] + ions.
As may be expected, the temperature and ow rate of the gas stream affect the intensity of the analytical response obtained. To maintain a high throughput of samples it would be highly desirable to nd a temperature which is suitable for a wide range of compounds; however, it is likely that optimum temperatures are compound-specic. Several studies have been carried out which highlight the importance of determining an optimum temperature on observed ion intensities when compounds are desorbed from a variety of surfaces such as glass melting point tubes, TLC plates and polyimide-coated silica.
2-4
It has been reported that pseudo-separation of analytes in mixtures may be achieved on the basis of their boiling points, either intentionally or otherwise. Maleknia et al. carried out experiments to analyse VOCs in eucalyptus leaves and stems; it was observed that lower-boiling compounds (ambient to $100 C) were detected at lower gas temperatures and higherboiling compounds ($200 C) were observed at higher gas temperatures on direct analysis of the plant materials in separate experiments. 5 Several papers report the use of gas temperature ramping to achieve desorption of the maximum number of analytes from mixtures. 2a,6,7 Nilles and coworkers extended this principle by using gas temperature ramping to achieve low resolution separation of a mixture of analytes with the same nominal mass.
8
The importance of positioning on sample temperatures, and therefore ion intensities, has been reported. Fernandez et al. measured the temperature at different points throughout the ion source and showed that this affects the ion intensities obtained with a model compound, dimethyl methyl phosphonate, sprayed from a capillary at xed positions in the source region.
9 Interestingly, these authors found that the highest ion intensities did not always correlate with the hottest parts of the sampling region. Samples at lower concentrations were found to have the highest intensities in the middle of the sampling region where ion transport distances were shorter, while higher concentrations gave improved ion yields near the DART source where the temperature was higher.
One of the main advantages of DARTMS is its amenability to a wide range of samples and sample introduction methods. Various adaptors are available commercially to introduce samples into the instrument, including glass capillary tubes (Dip-it Tips), TLC interfaces, tablet holders and tweezer-based sample holders. In addition, it is possible to laboratory-build attachments for the DART source, such as the autosamplers for analysis of cotton swabs reported by Grange. 10 Recently, transmission mode DART mass spectrometry (TMDARTMS) has been developed; this is a technique whereby analyte solutions are deposited onto a ne mesh which is placed into the gas stream, which effectively passes through the sample (Fig. 1) . This technique was rst proposed in a study of the deposition of insecticide on treated bednets used to protect against malaria, in which a portion of the net was stretched across a purpose-built transmission module.
11
TMDART has now been commercialised using metal meshes and automated systems are available for rapid sample throughput. However, as noted by Krechmer et al., nding an optimum temperature for desorption of compounds with a range of vapour pressures is difficult, as with other sample introduction methods. These authors investigated the thermal proles of samples by acquiring mass spectra at different temperatures. 6 In order to decrease the time taken to run these experiments, a system was used whereby the mesh was heated directly and the gas stream was at approximately ambient temperature, deconvoluting the desorption and ionisation steps.
During normal operation of our laboratory-built TMDARTMS system it became apparent that the intensity of analyte ions was varying over time using isothermal conditions but that this effect was not as straightforward as a simple loss of intensity as the sample was exhausted. Therefore, we decided to carry out a systematic investigation into some physical and chemical parameters which may affect ion intensities. Physical parameters considered were transmission module material, gas temperature and analysis time. Investigation of chemical parameters involved the comparison of two chemically-similar model compounds, N-(4-hydroxyphenyl)ethanamide (HPE) and N-phenylbenzamide (PB) (Fig. 2, Table 1 ).
Results and discussion
Transmission module and temperature effects Effect of distance from insulator cap and ow rate on gas temperature. Firstly, the dependence of temperature on the distance from the DART source was investigated. Three different set temperatures were used (250 C, 350 C and 450 C)
and three different ow rates (1.5, 2.5 and 4.0 L min À1 ) as shown in Fig. 3 . Temperatures were measured at the centre-line of the gas ow, directly in line with the insulator cap and GIST inlet. A steep reduction in temperature was observed as the temperature probe was moved away from the insulator cap of the DART source for all ow rates, with a total temperature drop-off of 125-175 C which is signicantly greater than that measured by Fernández et al. 9c In addition, it was found that there was no signicant dependence of the measured temperature on the ow rate except at very close proximity to the insulator cap.
Therefore, in subsequent experiments, the position of the transmission module was carefully xed at 3 mm from the insulator cap to minimise variations in the temperatures of the samples.
Effect of transmission module material on temperature. A series of measurements was carried out in an attempt to ascertain the effect of the material from which the transmission module was made on the temperature reached by the mesh. Three modules were used: the commercially-available aluminium module, a laboratory-built aluminium module of similar design and a cardboard module. Initially, measurements were made with the transmission module in the gas stream but without mesh present. The thermocouple was held between the two halves of each holder with its tip in the centre of the hole. The correlation between the set temperature and the measured temperature at a constant ow rate of 1.5 mL min À1 was investigated; the measured temperature was allowed to stabilise before recording the values. Fig. 4 shows typical results for the three different modules.
Both aluminium modules behaved very similarly; the measured temperature was related to the set temperature by a factor of approximately 0.2 over the range 50-400 C, in both cases. Even at the highest set temperature (400 C) the measured temperature only reached, on average, 105 C (laboratory-built module) and 116 C (manufacturer's module).
However, the cardboard module behaved very differently; the measured temperature was ca. 0.4 times the set temperature, and the nal temperature reached was 188 C, which is a signicant increase over the aluminium modules.
Temperature measurements with mesh. Temperature measurements were then carried out to investigate the heating behaviour of the mesh in the different transmission modules by measuring the time taken for the mesh to reach its maximum temperature. The temperature probe was woven into the mesh to ensure good contact, again with its tip in the centre of the hole. The gas stream was set to a temperature of 400 C and le to equilibrate for several minutes. The transmission modules were then placed into the gas stream and temperature measurements taken every 10 s for two minutes; the results are shown in Fig. 5 . These results show that there is little difference in the initial rate of mesh heating between the different modules; however, the nal temperature reached was signicantly higher in the cardboard module (as expected), since the thermal conductivity of aluminium is signicantly higher than that of cardboard (typically $230 W m À1 K À1 and <1 W m À1 K À1 respectively).
The slight difference between the two aluminium modules may be explained by their different masses (IonSense 136 g; labbuilt 112 g). The temperature of the mesh can be seen to be still increasing slightly in all cases, even aer two minutes' exposure to the gas stream. This is an interesting result which has obvious implications for automated experiments where the sample is only exposed to the gas stream for a few seconds; in these cases optimum ion intensities may not be reached, especially for higher-boiling components of mixtures, possibly resulting in relative suppression of these analytes.
Sample effects
Ion intensity proles were then investigated using HPE and PB, both singly and as a mixture (5 mg of each compound was deposited onto the mesh in each experiment). The results of three replicate experiments for the two single analytes are shown in Fig. 6 (the intensities have been normalised for clarity). The proles in each case follow the same general pattern; there is an initial rise during the rst 2-3 minutes that we attribute to the increasing temperature of the mesh within the transmission module. This is followed by a gradual decline as the material is consumed.
A mixture of HPE and PB was then analysed (5 mg of each compound); Fig. 7 shows the ion intensity prole for each analyte in the mixture.
It is immediately obvious that the prole for HPE has changed considerably. PB has a maximum ion intensity at ca. 3-5 minutes, as before, whereas HPE does not reach its maximum until around 25 minutes. Therefore, any semiquantitative comparison of ion intensities in such experiments would give results which were extremely time-dependent. At t ¼ 1 min, the PB/HPE ratio is approximately 10 : 1 whereas at t ¼ 25 min it is approximately 1 : 10, corresponding to a 100-fold difference in ratio. We are uncertain what the causes of this effect are, although it is reproducible. It is unlikely to be due to the melting points of the two compounds as they are very similar and our temperature experiments indicate that the sample does not reach the boiling/decomposition temperature for either analyte. More complex factors including their relative proton affinities, their affinity for the mesh surface and mutual interactions in the liquid phase may all play a role.
Conclusions
We have demonstrated that the transmission module, temperature and analysis time all have an effect on the observed ion intensity. In addition, there may be further complicating factors that impact both high-throughput analysis (due to the short time the sample is in the gas stream) and quantitative analysis of some mixtures (due to the large variation in ion ratios). Future studies will probe the extent of this effect. In addition, since these experiments used a 1 : 1 ratio, the effect of varying the HPE/PB ratio will be probed.
Experimental

Mass spectrometer
Samples were analysed using a DART-100 source (KR Analytical, UK) with a Vapur interface and a GIST inlet attached to a Bruker HCT ion trap mass spectrometer (Bruker UK Ltd, Coventry, UK; typical resolution z 500). The DART settings were as follows: discharge needle voltage 3000 V, discharge electrode voltage 400 V, grid electrode voltage 400 V. The helium ow rate was maintained at 1.5 L min À1 unless stated otherwise and the gas temperature was varied as described in the text. The DARTsample-inlet distance was xed at 12 mm. Mass spectra were recorded in positive ion mode over a m/z range of 50-1000 Th, and processed using Bruker's DataAnalysis soware. For ion intensity experiments, spectra were averaged over 0.1 minute intervals every 60 s.
Transmission module and temperature effects
Temperature experiments were carried out using three different transmission modules: (a) JVL-2100 A (Rev 2, IonSense Inc., USA) which is constructed from aluminium; (b) a module laboratory-built to a similar design, also from aluminium and (c) a module made of high grade cardboard (Fig. 8 ). This latter was included since an alternative TMDART source, the ID-Cube, Fig. 6 Normalised ion intensity profiles for HPE and PB (500 ppm individual samples), set temperature ¼ 400 C. Fig. 7 Normalised ion intensity profiles for HPE and PB (500 ppm of each in a mixture), set temperature ¼ 400 C. is widely used which incorporates the sample mesh in a disposable cardboard holder (OpenSpot sampling cards). A Comark 2001 digital thermometer was used (Comark Electronics Ltd, Sussex, UK) with a 0.5 mm stainless steel sheathed K-type thermocouple. For the experiments without mesh present, the probe was held between the two halves of each holder with its tip in the centre of the hole. For the temperature measurements with the mesh in place, the probe tip was woven into the mesh to ensure good contact, again with its tip in the centre of the hole.
Sample effects
The effect of the nature of the sample on ion intensity proles was investigated using two chemically-similar compounds: N-(4-hydroxyphenyl)ethanamide, HPE (Sigma Aldrich, Dorset, UK) and N-phenylbenzamide, PB (Mersey Chemicals, Liverpool, UK) which were used as received.
The following solutions were prepared for analysis using HPLC-grade methanol (Fisher Scientic, Loughborough, UK): HPE (500 ppm), PB (500 ppm), mixture of HPE and PB (500 ppm of each). Aliquots (10 mL, 5 mg of each compound) were spotted onto type 304 stainless steel mesh (Mesh UK, Marlow, UK) using an Eppendorf pipettor (10-100 mL), and allowed to dry prior to analysis using DARTMS.
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